The presence and activities of urease genes were investigated in 49 clinical, food, and environmental Bacillus cereus isolates. Ten strains were shown to have urease genes, with eight of these strains showing growth on urea as the sole nitrogen source. Two of the urease-positive strains, including the sequenced strain ATCC 10987, could not use urea for growth, despite their capacities to produce active urease. These observations can be explained by the inability of the two strains to use ammonium as a nitrogen source. The impact of urea hydrolysis on acid stress resistance was subsequently assessed among the ureolytic B. cereus strains. However, none of the strains displayed increased fitness under acidic conditions or showed enhanced acid shock survival in the presence of urea. Expression analysis of urease genes in B. cereus ATCC 10987 revealed a low level of expression of these genes and a lack of pH-, nitrogen-, urea-, oxygen-, and growth phase-dependent modulation of mRNA transcription. This is in agreement with the low urease activity observed in strain ATCC 10987 and the other nine strains tested. Although a role for B. cereus ureolytic activity in acid survival cannot be excluded, its main role appears to be in nitrogen metabolism, where ammonium may be provided to the cells in nitrogen-limited, urea-containing environments.
Bacillus cereus is a gram-positive, spore-forming rod known to be present in various environments. Vegetative cells and/or spores can be found in soil (46) , rhizospheres (5), air (17) , insect guts (26) , and foods (23, 36) and in the human gastrointestinal tract (18) . B. cereus can cause a diarrheal and an emetic type of food-borne disease. The emetic type of disease occurs when B. cereus cells grow and produce the heat-stable emetic toxin cereulide in food. The emetic symptoms arise after ingestion of intoxicated food (1, 43) . The diarrheal type of disease is caused upon ingestion of B. cereus vegetative cells and/or spores and their survival of passage through the stomach, followed by germination and/or growth in the human small intestine, where vegetative cells produce several enterotoxins (20, 43, 47) .
B. cereus can encounter suboptimal conditions for growth in various environments. The presence and activity of alternative ways to metabolize nitrogen sources, such as urease-mediated degradation of urea, can give bacteria a growth advantage under nitrogen-limited conditions. In addition, the bacteria may be exposed to stress conditions and display adaptive stress responses to cope with suboptimal conditions, such as low pH. For instance, gram-positive bacteria may activate decarboxylases, deaminases, proton pumps, and urease to cope with acid stress (11) .
Urease (EC 3.5.1.5) catalyzes the hydrolysis of urea, generating two molecules of ammonia and one molecule of carbon dioxide, and it was the first enzyme to be crystallized (41) . Urease is present in various organisms, including plants, fungi, and bacteria. Urease activity has been associated with various diseases, such as infection-induced urinary stones and peptic ulceration (29) . The role of urease in the pathogenesis of Helicobacter pylori, which causes peptic ulceration (25) , is evident. Ammonia molecules, produced upon hydrolysis of urea, can bind protons and consequently elevate the pH. This mechanism has been shown to be essential for the colonization of the human stomach by H. pylori (42) . Another role of urea hydrolysis is to provide ammonium for nitrogen metabolism, as has been reported for a range of bacterial species (22) . A dual role of urease, in acid resistance and in nitrogen metabolism, for example, has been reported for Streptococcus salivarius (8) , H. pylori (48) , and Yersinia enterocolitica (50) . Rasko et al. (34) identified a urease utilization cluster composed of nine genes (BCE3657 to BCE3666) in the genome of B. cereus strain ATCC 10987 that is not present in other sequenced strains belonging to the B. cereus group. This cluster harbors three genes, ureA, ureB, and ureC, encoding the structural enzyme that, respectively, show similarities of 62%, 44%, and 65% to the structural urease genes of Bacillus subtilis (12) . Besides the structural genes, the cluster harbors genes encoding accessory proteins (ureE, ureF, ureG, and ureD) , which are required to incorporate nickel ions into the enzyme and to activate the enzyme (38) . Furthermore, the urease cluster of B. cereus ATCC 10987 contains two additional genes for a putative urea (acetamide) transporter (ureI) and a nickel transporter (nikT).
Urea is present in various environments in which B. cereus can be found, including soil, food, and the human host, where urea is present in all body fluids and is finally excreted in the urine (0.4 M to 0.5 M urea) as a detoxification product (29) . B. cereus encounters urea upon its interaction with the human host: human saliva contains 2.3 mM to 4.1 mM (13), the human stomach contains approximately 4.8 mM (32) , and the urea concentration in human blood varies from 1.7 mM to 8.3 mM (27) . Urea can also be present in various foods. Foods of animal origin generally contain urea; for example, milk contains 4.4 mM to 6.4 mM urea (7) . Although urease may play an important role in the life cycle of B. cereus, information is lacking about its role in nitrogen metabolism and acid survival in this human pathogen.
In this study, we investigated the prevalence of urease genes and urease activity among 49 environmental, food, and clinical B. cereus isolates. Furthermore, urease gene expression and the roles of ureolytic activity in nitrogen metabolism and in acid resistance were assessed.
MATERIALS AND METHODS
Bacterial strains and culture conditions. B. cereus strains from various sources, including clinical, environmental, and food isolates, together with the type strain (ATCC 14579) and other sequenced strains, such as ATCC 10987 and PAL25 (also known as AH187 [35] and F4810/72 [21] ), were used in this study (see Table 2 ). A number of strains were kindly provided by P. E. Granum (Norwegian School of Veterinary Science, Oslo, Norway), NIZO Food Research (Ede, The Netherlands), Institut National de la Recherche Agronomique (Avignon, France), and the National Institute for Public Health and the Environment (Bilthoven, The Netherlands). Stock cultures grown in brain heart infusion (BHI) (Becton Dickinson, France) broth were stored at Ϫ80°C in 50% glycerol. To prepare aerobic working cultures, 10 ml BHI in a 100-ml Erlenmeyer flask was inoculated with a droplet from the glycerol stock and incubated overnight at 30°C with shaking at 200 rpm. Oxygen-limited working cultures were prepared in 50 ml BHI in a completely filled 50-ml tube (Greiner Bio-one, Germany) and incubated overnight at 30°C.
PCR detection of urease genes. The primers used in the PCR (listed in Table  1 ) were designed from the ureA (BCE_3662) and ureC (BCE_3664) genes from B. cereus ATCC 10987 (accession number AE017194) (34) . Taq DNA polymerase (MBI Fermentas, Germany) was used to amplify the target genes. The PCR was performed in an MJ Research PTC-200 thermal cycler preset to 30 cycles of 15 seconds at 94°C, 15 seconds at 45°C, and 1 min at 72°C. Template DNA was obtained from 1 ml aerobic working culture, which was boiled two times for 1 min each time and put on ice after each boiling step.
Assessment of nutrient utilization. The utilization of glutamate, ammonium, and urea as sole nitrogen sources was tested in minimal medium. This medium was derived from GGGS medium (6) Urease activity assay. The urease activities of the strains that scored positive in the PCR test (Table 2) were tested as follows. One milliliter of oxygen-limited working culture in BHI was spun down and resuspended in 200 l physiological salt solution (0.85% [wt/vol] NaCl in water), and a urease activity diagnostic tablet (Rosco Diagnostica, Denmark) containing urea and a pH indicator was added to the suspension. The suspension was incubated for 24 h at 30°C. The mixture changed color, from yellow (low pH) to purple (high pH), upon the increase of pH caused by the urease activity. The urease activities of B. cereus strains ATCC 10987 and ATCC 14579 (negative control) were also monitored in MES [2-(N-morpholino)ethanesulfonic acid] (Sigma, Germany) and MOPS [3-(N-morpholino) propanesulfonic acid] (Sigma, Germany) buffers. Twenty milliliters of oxygen-limited working culture was spun down and resuspended in 4 ml 10 mM MES or 10 mM MOPS buffer with 10 mM urea at pH 5.2 and pH 6.5, respectively. The pH was measured over time with a PHM 240 pH/ION meter (Radiometer, Denmark). To assess the amount of ammonia formed in the urease assay, MES, pH 5.0, including ATCC 10987 cells was titrated to pH 9.0 with 100 mM NH 3 solution. The protein concentration of the aerobic working culture was determined by using the bicinchoninic acid assay to determine the urease enzyme activity of ATCC 10987 cells.
Acid growth assay and urea concentration measurements. To assess the growth performance of the B. cereus strains under acid conditions, 200 l BHI, BHI supplemented with 10 mM urea, and BHI supplemented with 10 mM urea and 10 M the urease inhibitor flurofamide (Tocris Biosciences, United Kingdom) at pH 7 and at pH 5 were inoculated with 2 l aerobic B. cereus working cultures. The growth performance was assessed in microtiter plates (Greiner Bio-one, Germany) and with incubation for 10 h at 30°C. Every hour, the absorbance (600 nm) was measured (uQuant; Bio-Tek Instruments). The growth of strains ATCC 10987 and ATCC 14579 was also tested in nutrient broth (NB) (Oxoid, England) at pH 7 and pH 5 with and without 10 mM added urea. The media used were acidified with HCl (37%; Merck, Germany) to pH 5.0. The pH was monitored with a PHM 240 pH/ION meter (Radiometer, Denmark). To quantify the endogenous urea concentration in BHI and NB, the Quantichrom urea assay kit (Bioassay Systems) was used according to the provided protocol.
Acid shock survival assay. The impact of urea on the acid shock survival capacities of the B. cereus strains was assessed with stationary-phase cells in 20 ml BHI, in 20 ml BHI with 10 mM added urea, and in 20 ml BHI with 10 mM added urea and 10 M flurofamide. The cultures were inoculated with 100 l aerobic working cultures and were subsequently incubated at 30°C with aeration (200 rpm). After overnight incubation, a preset amount of HCl was added to reach the desired acidic pH values. RNA isolation and RT-RT-PCR. B. cereus strain ATCC 10987, with the highest ureolytic activity in the urease activity assay, was used in the real-time reversetranscriptase (RT-RT) PCR analysis. To obtain RNA samples, 50 ml of oxygenlimited working culture was spun down and resuspended in 10 ml 10 mM MES or 10 mM MOPS buffer with 10 mM urea at pH 5.2 and pH 6.5, respectively. RNA isolation was performed by transferring 10 ml of the cultures at 0, 30, 90, and 180 min into a 50-ml Falcon tube, and the cultures were spun down at 13,000 ϫ g for 30 seconds. After the supernatant was decanted, the cell pellets were snap-frozen in liquid nitrogen. Within 20 min after the cell pellets were frozen, TRI-reagent (Ambion, United Kingdom) was added to the pellets and RNA was extracted as described previously (44) . The expression ratios of four genes from the urease cluster (ureA, ureG, ureI, and nikT) were determined using the oligonucleotides listed in Table 1 . cDNA synthesis and RT-RT-PCR were performed as described previously, with tufA and rpoA as reference genes (45) . All RT-RT-PCRs were performed in duplicate. Expression ratios between the time points were determined with the REST tool (33). 
Human feces (16) 
RESULTS
Occurrence of urease genes and urease activity. The occurrence of urease genes in B. cereus isolates was tested by PCR, using primers designed based on the ureABC genes of B. cereus ATCC 10987 (UreaseForw and UreaseRev, listed in Table 1) . If the ureABC genes are present, a 958-bp DNA fragment will be amplified in the PCR. This fragment was indeed found in 10 out of 49 PCRs (ϳ20%), and the corresponding strains were thus considered to harbor the ureABC cluster in their genomes ( Table 2 ). The 10 ureABC PCR-positive strains and the ure-ABC-negative strains were subsequently tested for urease activity. In this test, the hydrolysis of urea and the concomitant production of ammonia resulted in an increase of the pH, which turned the pH indicator from yellow (low pH) to purple (high pH). This color change was observed in 9 of the 49 tested strains, with the ureABC-negative strains and ureABC-positive strain P21S scoring negative after 24 h of incubation (Table 2) . ATCC 10987 showed the highest urease activity, scoring positive within 6 hours of incubation. Notably, in all cases, the pH increase was inhibited by the addition of the urease inhibitor flurofamide, which indicated that alkalinization was indeed dependent on urease activity.
Growth on urea as a nitrogen source. The utilization of urea, as well as that of glutamate and ammonium, as sole nitrogen sources was tested in minimal medium for the 49 B. cereus isolates ( Table 2 ). All 49 strains were able to grow on glutamate and/or ammonium chloride as a nitrogen source with maltose as the sole carbon source. As expected, none of the ureABC-negative strains showed growth on urea as a nitrogen source. Of the 10 urease-positive isolates, 8 showed growth on urea and ammonium as sole nitrogen sources, whereas 2 isolates did not, including the sequenced B. cereus strain ATCC 10987. One urease PCR-positive strain (P21S) that did not display urease activity (see above) was able to utilize urea for growth. This was likely due to a low urease activity that was sufficient for growth but insufficient to elevate the pH in the urease activity assay. In summary, out of the 10 ureABC-positive strains identified in the collection of 49 environmental, food, and clinical B. cereus isolates, 8 were shown to utilize urea for growth. 
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Urease activity under acidic conditions. To elucidate a possible role for urease in the acid resistance of B. cereus, the ureABC-positive strains were subjected to two types of acid stress, i.e., growth at low pH and acid shock. The 10 ureasepositive strains and the urease-negative type strain (ATCC 14579) were grown in BHI at pH 7 and pH 5 without and with extra urea (10 mM urea added) and with additional urea and flurofamide. Strains ATCC 14579 and ATCC 10987 were additionally tested in NB and NB with 10 mM urea added. Assessment of urea concentrations revealed BHI and NB to contain 1.1 mM and 0.5 mM urea, respectively. Neither the urease-positive strain ATCC 10987 nor the urease-negative strain ATCC 14579 showed differences in growth performance when the cells were cultured in BHI without additional urea, with extra urea, and with extra urea and flurofamide (Fig. 1) . The other ureolytic strains showed similar growth profiles, and no urea-induced differences were detected (data not shown). Moreover, all growth performances appeared to be the same in the presence of flurofamide, indicating that urease activity did not contribute to the results obtained.
The role of urease activity in acid shock survival was also examined. For this, the cells were grown overnight in BHI, and with the addition of hydrogen chloride, the pH was set at different acidic pH values, ranging from 2.5 to 4.8. Data obtained with stationary-phase cells of strain ATCC 10987 exposed to pH 4.5 are shown in Fig. 2 . In the 30 min of exposure at pH 4.5, without and with extra urea present and with extra urea and flurofamide present, a similar decrease in the number of viable cells was observed. With mid-exponential-phase cells of ATCC 10987 exposed to pH 4.8, similar results were obtained, i.e., urease activity did not contribute to survival capacity under the conditions tested (data not shown). Notably, similar observations were made for the nine other ureABCpositive strains (data not shown). These experiments revealed that urease activity, independent of the strains' capacities to metabolize the ammonia generated, did not contribute to B. cereus survival capacity under acid shock conditions.
Urease activity and expression of urease genes. The urease activities of B. cereus ATCC 10987 and ATCC 14579 (negative control) were assessed by measuring the pH increase of the medium due to the formation of ammonium. Cells from overnight cultures were resuspended in MES buffer supplemented with urea without and with the urease inhibitor flurofamide present. The pH was monitored for 30 h, during which the pH increased from 5.2 to 8.2 in the presence of ATCC 10987 cells, whereas with flurofamide present, such a pH increase was not observed (Fig. 3) . This indicates that addition of 10 M (final concentration) flurofamide is sufficient to inhibit the urease activity, and similar results were obtained with all other ureolytic B. cereus strains tested (data not shown). Based on these results, the urease enzyme activity of strain ATCC 10987 was determined at approximately 1 nmol min Ϫ1 mg protein Ϫ1 , indicating a very low activity level. The type strain ATCC 14579, which lacks the urease genes, did not provoke a pH increase under the conditions tested (Fig. 3) .
At the indicated time points in the urease activity assay (Fig.  4A) , expression of urease genes (Fig. 4B ) was quantified by RT-RT-PCR ( Fig. 4C and D) . Total-RNA samples were taken from ATCC 10987 cells resuspended in MES buffer with 10 mM urea at pH 5.2 and MOPS buffer with 10 mM urea at pH 6.5. The general expression of the four tested urease cluster genes was very low compared to the expression of the reference genes tufA and rpoA. The RNA levels of ureA, ureG, ureI, and nikT were approximately 32 times lower than the RNA levels of tufA and rpoA (the average threshold cycles of time zero samples were as follows: rpoA, 16.71; tufA, 15.34; ureA, 22.54; ureG, 20.53; ureI, 19.64; and nikT, 20.47). Significant changes in expression, according to the REST tool, could be obtained despite the low mRNA levels of the urease genes. However, no increase of relative expression could be observed when cells were exposed to a lower pH. Figure 4C and D indicates that the urease cluster genes were down-regulated compared to rpoA and tufA, even though the cells displayed ureolytic activity. In addition, the relative expression ratios of the urease genes were also determined at different phases of growth under aerobic conditions, and samples were taken from BHI cultures upon reaching ODs of 0.2, 0.5, and 5 and after   FIG. 2 . Impacts of urea and urease inhibitor on survival of BHI-grown stationary-phase cells of B. cereus ATCC 10987 exposed to pH 4.5. Three exposed cultures, without added urea, with 10 mM added urea, and with added urea and flurofamide, as indicated at the right, were diluted and droplet plated. The time of low-pH exposure is depicted at the top of each plate, and the dilution factors are indicated below the plates. This experiment was performed in triplicate, and all replicates showed similar results; a typical result is shown here. overnight incubation. Under anaerobic growth conditions, samples were taken from BHI cultures upon reaching ODs of 0.2, 0.5, and 1 and after overnight incubation. Again, low levels of mRNAs of the urease genes were observed with no significant changes in the relative expression ratios of the urease genes during different growth stages in BHI under the conditions tested (data not shown). In conclusion, under a wide range of conditions tested, the expression of urease cluster genes was low, and no urea-, pH-, oxygen-, or nitrogen-dependent induction of expression could be observed.
DISCUSSION
This study shows that 10 of the 49 (ϳ20%) tested clinical, food, and environmental B. cereus isolates harbor ureABC genes. Notably, only eight of these were able to use urea as a sole nitrogen source, whereas two of the strains, including the sequenced B. cereus strain ATCC 10987, could not. Remarkably, these two strains displayed ureolytic activity, and their failure to use urea as a nitrogen source can be explained by the inability to utilize ammonium for growth. The ammonium- negative phenotype of ATCC 10987 is possibly due to the lack of aspartate ammonia-lyase (EC 4.3.1.1) and the inability to utilize glutamine as a sole nitrogen source (30) . The ureasepositive strains that are capable of utilizing ammonium for growth conceivably incorporate ammonium into nitrogen metabolism via glutamine or aspartate (Fig. 5) . Among the 49 isolates tested, eight strains have been associated with outbreaks (five diarrheal and three emetic strains), and only strains PAL5 and PAL27 (both diarrheal) were shown to be ureolytic. However, the limited number of disease-associated (diarrheal) B. cereus strains used in our study does not allow conclusions to be drawn as to the correlation (if any) between the presence of urease genes (and ureolytic activity) and the capability to cause disease. The formation of ammonium out of ammonia results in an elevation of the pH (Fig. 5) , which may increase the fitness of ureolytic strains in acidic environments. It has been proposed (34) that the acquisition of the urease genes may have an impact on the survival of B. cereus strain ATCC 10987 under acidic conditions, e.g., the human stomach, as observed for H. pylori (42) . However, growth of the ureolytic strains in ureacontaining media with and without urease inhibitor at a low pH revealed no differences in fitness, i.e., none of the strains showed significant differences in the growth rate or final OD reached under the conditions tested. Furthermore, no differences in survival capacity were observed between cells of the ureolytic strains exposed to an acid shock in the presence of extra urea and cells exposed to an acid shock while urease activity was blocked by flurofamide. The results obtained can be explained by the low ureolytic activity displayed by the B. cereus strains tested. This is in contrast to the results obtained for S. salivarius (8) and H. pylori (42) , where high ureolytic activity enabled the bacterial cells to cope with acid stress and, in the case of H. pylori, to colonize the human stomach.
The expression of urease genes can be constitutive, regulated by the presence of urea, pH, and/or nitrogen availability (10) . The expression of the urease cluster in B. cereus ATCC 10987 appeared to be constitutive, because no up-regulation of the urease genes was observed after exposure to urea or acid downshift and under conditions of nitrogen limitation. Furthermore, the expression of the urease genes in B. cereus is generally very low compared to that of the housekeeping genes rpoA and tufA. The constitutive expression of the urease genes of B. cereus is in contrast with the regulation of the urease genes found in Proteus mirabilis (10) , S. salivarius (37) , and B. subtilis (10) . The urease genes of P. mirabilis are expressed only when urea is present in the growth medium. The UreR regulator as present in the genome of P. mirabilis is involved in the urea-dependent induction of the urease cluster (10) . Such a UreR regulator is absent in the genome of B. cereus ATCC 10987, as previously noted by Rasko et al. (34) . In S. salivarius and other bacteria, urease expression is regulated by the pH; for example, at pH 5.5, urease activity increased 100-fold compared to that at pH 7.0 in S. salivarius (37) . In B. subtilis, the expression of the urease operon is induced by nitrogen limitation (3) and regulated by a key transition phase transcription regulator, Spo0H (sigma factor H ) (49) . This results in elevated expression of the urease genes in B. subtilis during stationary phase, which has also been shown for Y. enterocolitica (14) . Screening of the genome of ATCC 10987 with a B. cereusspecific H promoter consensus revealed that this strain does not harbor a H promoter in front of the urease cluster (M. Tempelaars and T. Abee, unpublished results), and this corresponds to the absence of up-regulation of the urease genes in transition and stationary phase in B. cereus. FIG. 5 . Schematic representation of the functions of urease in B. cereus. Urea is hydrolyzed by urease (EC 3.5.1.5), forming carbon dioxide and ammonia. Subsequently, ammonia is converted into ammonium, which causes the pH to increase and may serve low-pH survival. Ammonium can be used as a nitrogen source and may be included in nitrogen metabolism via two possible routes supporting bacterial growth. The involved enzymes, glutamine synthetase and aspartate-ammonia lyase, are indicated by enzyme numbers (6.3.1.2 and 4.3.1.1, respectively). Note that the sequenced ATCC 10987 strain cannot use ammonium as a sole nitrogen source. The routes and/or enzymes missing in ATCC 10987 are indicated by dashed lines.
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Even though a dual role of ureolytic activity in nitrogen metabolism and in acid stress survival has been described for Y. enterocolitica (50) , S. salivarius (8) , and H. pylori (48), we can conclude that none of the ureolytic B. cereus strains displayed increased fitness under acidic conditions or showed increased acid shock survival in the presence of urea. This is most likely linked to the low level of expression of the urease genes, the lack of modulation of their expression, and the resultant low level of ureolytic activity. Therefore, we conclude that the main role of B. cereus urease is in nitrogen metabolism, so that ammonia may be provided to the cells in nitrogen-limited environments.
